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Abstract—Near-Threshold Computing (NTC) is shown to be a promis-
ing approach for improving the energy efficiency of VLSI circuits.
Nevertheless, by reducing the supply voltage the delay impact of process
variation significantly increases, leading to up to 20x performance
variation compared to the nominal voltage. As a result, it is wasteful
of energy and performance to deal with such variation by increasing
the timing margins, which is common in nominal voltage. Therefore,
considering the impact of process variation during the near-threshold
circuit design phase is of decisive importance. In this paper, we propose
a variation-aware synthesis flow for NTC to address this problem. The
objective is to improve the performance and energy efficiency of a circuit
during design time by considering statistical variation information. This is
done by providing variation information to the synthesis tool, evaluating
the performance of the synthesized circuit by Statistical Static Timing
Analysis (SSTA), and adjusting the timing constraints accordingly in an
iterative manner. Simulation results for a set of benchmark circuits show
that our proposed flow reduces the variation by 86.6% and improves the
performance and energy by 24.9% and 7.4%, respectively, at the expense
of 4.8% area overhead.

I. INTRODUCTION

Although the transistor count per chip is growing according to
the Moore’s law, power budget and power density prohibit the full
utilization of the chip [1]. Since the power consumption of a circuit
is highly dependent on the supply voltage, aggressive voltage scaling
to the near-threshold region (a.k.a. NTC) is considered as an efficient
way of reducing the power consumption [2], [3]. NTC provides a
reasonable trade-off between the energy efficiency of a circuit, defined
as the required energy to perform an operation, and its performance
[4], [5]. As shown in Figure 1, the energy efficiency of NTC can be
10x better than in the super-threshold region while the performance
is still acceptable for many application domains such as the Internet
of Things (IoT).

The benefits of NTC are not easily accessible without overcoming
several challenges such as increased functional failure rate in the
circuit elements, large performance drop compared to the super-
threshold region, and increased performance variation [4]. The in-
creased functional failure is normally addressed by incorporating
alternative designs which are more suitable for ultra-low voltage [6].
The large performance reduction is the price designers pay in order to
achieve a better energy efficiency. Nevertheless, in some applications
targeted for NTC such as mobile devices, the performance of the
circuit is also important to the end user [7]. Furthermore, as presented
in [4], the performance variation in the near-threshold region is up
to 20x larger than that of the super-threshold region. Therefore, the
timing margin to deal with delay variation, as it is widely used for
super-threshold circuits, is no longer efficient for the NTC circuits
mainly due to the extent of the variations.

In order to deal with huge performance variations, statistical
information regarding the variation of circuit elements has to be
considered during the logic synthesis phase. In the library pruning
technique proposed in [9], [10], cells which exhibit higher perfor-
mance variation are eliminated from the standard cell library in order
to improve the characteristics of the synthesized circuit. However,
by applying such a technique, cells with higher energy efficiency
such as minimum sized cells are eliminated from the library for the
sake of reducing the performance variation (as proposed by [10]).
Hence, the energy efficiency of a circuit is limited when synthesized
with a pruned library. Gate-sizing is another technique to improve
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Fig. 1. Near-threshold operation is approximately 10X more energy efficient
compared to super-threshold (65nm CMOS at 50°C) [8].

the energy efficiency of the circuits in the near-threshold region [11].
However, the gate-sizing technique works on a fixed circuit topology
after the logic synthesis and the technology mapping, and because
of this limitation, its impact could be limited. In summary, a generic
synthesis approach to address the huge variations in NTC is still
missing.

In this paper, we propose an iterative variation-aware logic
synthesis flow to improve the performance and the energy efficiency
of circuits in NTC, i.e. the goal is to optimize the statistical delay
of the circuit considering the variations. This goal is achieved by
performing SSTA to obtain the critical paths with most variation
and applying appropriate measures based on the synthesis constraints
to reduce the variation on those paths in an iterative manner. The
proposed flow is wrapped around the standard (commercial) logic
synthesis flow. Since the internal optimization engine of the synthesis
tool is exploited, the proposed flow will automatically include all
possible synthesis optimization techniques such as gate sizing, path
restructuring, and logic borrowing. Optimization results show that this
flow can reduce the delay variation by 86.6%, which translates into
24.9% better performance, and improve energy efficiency by 7.4%,
at the expense of modest 4.8% area overhead. It is also possible to
trade off energy efficiency and performance in this variation-aware
flow.

The rest of the paper is organized as follows. In Section II,
more details regarding NTC as well as related work are presented.
Section III explains the proposed synthesis approach in details. In
Section IV, the results of applying our approach to a set of benchmark
circuits are presented, and in the end, Section V concludes the paper.

II. PRELIMINARIES
NTC comes with great promises and challenges. However, its
widespread application is hampered by the intensified sensitivity
to variations. In this section, we explain how variation affects the
performance of the NTC circuits.

A. Near-threshold computing
Aggressive supply voltage scaling has been known as an ef-
fective way to reduce the power consumption of circuits. Since
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the dynamic (leakage) power has a quadratic (exponential) relation
with the supply voltage, reducing the supply voltage decreases the
overall power consumption of the chip. Based on this, extremely
low-energy operation in the near-threshold region could be used
to balance the performance and the energy efficiency of circuits.
In this region, where the supply voltage is close to the transistor
threshold voltage, the energy efficiency of circuits can be increased
by 10x compared to super-threshold operation [4]. However, without
appropriately addressing the performance variation in this region, the
benefits of NTC is considerably reduced considering the extent of the
variations.

B. Variation in NTC

In the near-threshold region, the sensitivity of the circuit delay to
temperature variation, supply voltage variation, and threshold voltage
variation is significantly higher than in the super-threshold region
[2]. In fact, decreasing the supply voltage by a few milli-volts
pushes the circuit into the sub-threshold region, where the transistor
current equation has an exponential relation with temperature, supply
voltage, and threshold voltage. Therefore, any small fluctuation in the
transistor threshold voltage has a large impact on the circuit delay.
This intensifies the impact of different sources of process variation
such as Random Dopant Fluctuation (RDF) and Line Edge Roughness
(LER). As stated in [4], the performance variation in NTC can be
20x larger than in the super-threshold region. Without addressing
such a substantial performance variation in the near-threshold region,
exploiting the full benefits of NTC is not possible.

C. Related work

The performance variation in NTC could be addressed by several
techniques [8], [12]. Our proposed method lies within the logic
synthesis category, and hence we review the techniques which deal
with the performance variation by synthesis techniques.

1) Library pruning: The main idea of the library pruning is to
remove the cells with high performance variation from the standard
cell library. This reduces the overall variation of the cells in the library
and eventually results in a smaller circuit performance variability. For
example, it is suggested to remove the cells with high sensitivity to
supply voltage variation [9]. In this technique, cells which exhibit
a performance variation beyond a certain limit are excluded from
the library. Another approach towards library pruning is to eliminate
cells based on their size and structure [10], as the delay variation of
a cell is correlated with its size and structure. As a result, small cells
which exhibit higher variation are eliminated from the cell library.
However, the eliminated small cells are beneficial, as they consume
considerably less power compared to the larger cells. These cells
could be used in shorter paths of a circuit to save the energy, without
affecting the performance of the circuit determined by the timing of
critical paths. Although library pruning can reduce the performance
variation, the full capabilities of a circuit in terms of performance
and energy efficiency cannot be exploited using this method.

2) Gate-sizing: Gate-sizing is a well-known technique to reduce
the energy consumption of a circuit. A specific gate-sizing technique
is proposed in [11], which employs As-Soon-As-Possible/As-Late-
As-Possible (ASAP/ALAP) analysis to identify the cells which are not
timing-critical. Although upsizing and downsizing of the gates would
result in better energy efficiency, the improvement from this method
is limited, as it does not incorporate other synthesis techniques, such
as restructuring.

In the next section, we will explain our variation-aware circuit
synthesis flow. This flow is wrapped around the existing commercial
synthesis tools and leverages these tools in synthesizing circuits for
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NTC operation. Therefore, all synthesis techniques are automatically
used to optimize the circuits.

III. PROPOSED APPROACH

In this section, we begin by explaining how variation affects a
circuit in NTC, and how our proposed approach will help to mitigate
the impacts. For that, we first need to define some key terms. Figure 2
demonstrates the impact of performance variation on the delay of a
path. The nominal delay of a path is the delay of that path without
considering any variation. When considering a statistical variation, a
path delay forms a statistical distribution. In this case, the path delay
should be considered in such a way that the required yield is satisfied.
For example 1+ 30 of the delay distribution can be considered as the
worst case which satisfies the yield constraints (1 and o are the mean
and the standard deviation of the delay distribution, respectively). We
refer to this value as the corner delay of the path. The difference
between corner delay and nominal delay is considered as the delay
variation.

—30 +30
)

nominal delay
< corner delay >

Fig. 2. Path delay w/o considering the impact of process variation i.e. nominal
delay (blue), and considering the variation (hatched area).

A. Motivational example

The amount of timing variation of a path is dependent on the
number and the type of the cells in the path, and therefore, the timing
variation can be considerably different from one path to another. Even
if the circuit timing is initially balanced at the design time, this leads
to unbalanced path delays considering variations (see Figure 3.a).

When no statistical information regarding the delay variation of
the cells is provided to the synthesis tool, it tries to balance all path
delays by loosening the shorter paths and tightening the critical paths
according to their nominal delays. However, when the delay variation
of a shorter path is very large, loosening such a path might lead to a
larger circuit delay. In this case, since the synthesis tool is not aware
of the corner delay of the paths (considering the delay variations), it
cannot effectively improve the actual circuit timing, considering the
delay variations. The purpose of our work is to inform the synthesis
tool about the corner delay of the paths. By incorporating the accurate
information regarding the path delays, the synthesis tool is able to save
area and energy by loosening the short paths and spend the saved area
and energy on the critical paths to improve the circuit performance.
By doing so, the resulting timing of the synthesized circuit would
look like Figure 3.b.

B. Variation-aware synthesis flow

In this paper, we propose an iterative variation-aware synthesis
flow to achieve this goal. Basically, two techniques are employed to
inform the synthesis tool about the delay variation of the cells: First,
a special library is used for synthesis, which contains the variation
information of all the cells in the standard cell library (more details in
Section I1I-B1). Second, SSTA is used to evaluate the performance of
the synthesized circuits. Afterwards, the variation information from
the SSTA is fed back to the synthesis tool by adjusting the timing
constraints (more details in Section III-B2, and Section III-B3). In
our approach, the synthesis tool is free to use any cell that operates
correctly in NTC to improve the performance or the energy efficiency.
However, by carefully adjusting the timing constraints and providing
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Fig. 3. a) Paths’ delays of a circuit synthesized without variation information,
and the impact of process variation on each path. b) Paths’ delays of the same
circuit after variation-aware synthesis.

variation information to the synthesis tool, the overall timing of the
circuit (corner delay including variation) is improved.

A large circuit might have millions of paths. Therefore, it is not
practical to apply constraints path by path. However, the paths end
at circuit endpoints which are primary outputs, or flip-flop inputs.
Fortunately, the number of endpoints is orders of magnitude smaller
than the number of paths. Therefore, instead of setting constraints
for specific paths, only the endpoints of the circuits are constrained.
We can define the nominal delay and corner delay for each endpoint
similar to the way they are defined for a path.

Library characterization: Before proceeding to the details of
the iterative synthesis flow, it is necessary to have appropriate cell
libraries for the synthesis. As shown in the library characterization
part of Figure 4, based on the SPICE netlist and variation parameters
such as A, in Pelgrom’s Model from [13], the cell library is
characterized. The characterized variation library contains nominal
as well as statistical information of the cell delays (statistical mean
w1 and standard deviation o). This variation library is used by the
SSTA tool to find the nominal and the statistical behaviors of the
synthesized circuit. Later in Section III-B1, we will explain how the
information from the variation library is used to create another library
(combined library) which is solely used for the synthesis.

Figure 4 presents the proposed iterative synthesis flow. The goal
of each iteration is to make the path delays more balanced considering
the delay variations. In each iteration:

1) The circuit is synthesized with a combined library which con-
tains variation information. The constraints of this synthesis are
determined by the previous iteration (or no constraint for the
first iteration).

2) The performance of the synthesized circuit under process varia-
tion is evaluated using SSTA. This gives the timing of all circuit
endpoints.

3) Constraints are refined according to the extracted timing of
each endpoint. The constraints of those endpoints which have
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Fig. 4. Iterative variation-aware synthesis flow consists of two parts: 1) library
characterization, 2) iterative optimization loop.

a positive slack are relaxed while the constraints of endpoints
with a negative slack are tightened.

This loop continues until the circuit timing does not improve anymore.
More details regarding each step are provided below.

1) Synthesis with the combined library: Although all variation
information is available in the variation library, the synthesis tool
is not able to use this information since it uses the nominal delay
values as the metric. Therefore, the synthesis tool is not aware of the
performance variation. It reads the delay and power information as
well as the load capacitance of the cells from the library (without
considering the corresponding variations). Based on this information,
it decides which cell should be used and where. One way of providing
the variation information to the synthesis tool is, by providing min-
max libraries each containing minimum and maximum delays of each
cell, respectively. This method is effective in the super-threshold
region, where the amount of variation is small. In NTC, however,
all cells have huge variations, and therefore, the result of min-
max synthesis (and analysis) would give either too optimistic or too
pessimistic results, which are not very helpful.

In order to provide the variation information to the synthesis
tool in an effective way, information from the variation library is
combined into another library named combined library. The trick
is to use a combination of the mean and standard deviation of the
delay values instead of the nominal delay values in order to guide
the synthesis tool to choose more appropriate cells. Accordingly, we
create the combined library by replacing each delay value in the
cell library with pu + o, where [ is a coefficient specifying the
contribution of variation in the delays of the combined library, and
w and o are the mean and the standard deviation of the respective
delay value from the variation library. In order to clarify, suppose
that © = 100ps and o = 20ps for a specific cell in the lookup
table inside the variation library. If § = 1, the delay value which
appears at the same location in the combined library would be
100ps + 1 x 20ps = 120ps. The combined library is just used for
synthesis, as it contains information regarding variation. The reason is
that, during synthesis, if the library contains no information regarding
the variation of each cell (nominal library), the decisions of the
synthesis tool are made based on the nominal cell timings. Therefore,
the resulting performance variation of a circuit synthesized with such
a library is not known. However, by providing the combined library
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(which already contains the effect of the delay variation of each cell)
to the synthesis tool, the synthesis tool can make more informed
decisions on the choice of the cells and the resynthesis strategies.

2) Performance evaluation with SSTA: After each synthesis itera-
tion, an SSTA is carried out. The SSTA uses the variation library for
timing analysis and produces accurate variation-aware timing reports
regarding the performance of the circuit. The statistical information
from the SSTA will be used to adjust the timing constraints for the
next iteration (Section III-B3). The circuit delay is the maximum of
the corner delays of all the endpoints, and the slack of each endpoint
is calculated as the difference between the corner delays of the circuit
and the given endpoint.

3) Timing constraints optimization: In each iteration the target
is to slightly improve the timing (i.e. reduce circuit corner delay to
target delay). Based on the target delay, the constraints are updated
for the next iteration, such that the timing and power are improved in
the next iteration. These constraints are then fed back to the synthesis
tool again. This loop continues until the improvement saturates i.e.
no improvement is achieved in several subsequent iterations. Please
note that, although spending more time on the synthesis phase might
lead to a better result due to its heuristic nature, the limited time
budget for finding the optimum result necessitates the termination of
the optimization loop when the improvement saturates.

The method to refine the constraints for the circuit endpoints is
demonstrated in Figure 5. Timing constraints are adjusted based on
the SSTA timing reports for all endpoints. Suppose that 7' is the
circuit corner delay calculated using the SSTA. This is calculated
as the maximum of all the endpoints’ corner delays (considering the
variations). We want to reduce 1" by a factor of v in each iteration
(improving the performance). Therefore, the target delay (D) for the
next iteration would be:

D=(1-T. ()]

Based on D and the endpoint delays calculated by the SSTA, we can
update the endpoint slacks for the next iteration:

si,ss7A =D —di ssTa (2)

where d; ssTa is the delay of endpoint ¢ calculated by the SSTA,
and s; ssTa4 is the statistical slack of endpoint 4, respectively. When
in iteration k, the slack of an endpoint is negative (d; ssTa > D) as
in Figure 5.a, the paths ending to that endpoint should be tightened.
But if the slack is positive (di,ss7a < D) as in Figure 5.b, the paths
ending to the endpoint should be relaxed. Therefore, the constraints
of all the endpoints for iteration k -+ 1 are tightened or relaxed by the
corresponding amount of s; ssTa, respectively.

IV. EXPERIMENTAL RESULTS
In order to show the effectiveness of our proposed flow, we
applied it to ITC’99 benchmark circuits. We have also compared it
with the library pruning technique presented in [9].

A. Simulation setup

The cells from Nangate 45nm Open Cell Library are charac-
terized for different supply voltages, ranging from 0.45V to 1.1V
with Cadence Virtuoso Variety statistical characterization tool. The
threshold voltages of NMOS and PMOS transistors of Nangate library
are 471mV and -423mV, respectively. Therefore, the specified supply
voltage range covers both super-threshold and near-threshold regions.

The variation library is created in the Effective Current Source
Model (ECSM) format using Cadence Virtuoso Variety and contains
the statistical information regarding the cells. This library is then
converted into the combined library as described in Section III. The
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(Vgq = 0.45, v = 0.05). All values are normalized to the baseline.

optimum S coefficient for creating such a library is dependent on
the circuit and the cell library. We tried a range of coefficients
and empirically determined 8 = 0.5 to work the best for our
synthesis. Synopsys Design Compiler is used for synthesis, and
Cadence Encounter Timing System is used for SSTA. The energy
per cycle is then calculated based on the reported leakage power,
dynamic power, circuit nominal delay, and circuit corner delay (from
SSTA).

B. Detailed results for a single circuit

In this section, the detailed result for a single circuit is explained.
Thereafter, the results for all circuits are presented in less detail
for brevity. Figure 6 shows the evolution of b6 benchmark circuit
over the optimization iterations. Frequency, energy (per clock cycle)
and Energy-Delay-Product (EDP) are normalized with respect to the
baseline in order to easily follow the improvement compared to the
baseline. The baseline is the synthesized circuit using the traditional
flow (with a normal library).

As shown in this figure, the maximum frequency of the circuit
follows a rising trend over iterations, which means the performance
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TABLE 1. OPTIMIZATION RESULTS FOR ITC’99 BENCHMARK CIRCUITS(V4 = 0.45, v = 0.05).
benchmarks library pruning [9] proposed
circuit  gates flip- frequency area energy per|variation  frequency area energy optimum- variation  frequency area energy runtime
flops (MHz) (,umz) cycle (fJ) |reduct. (%) imprv. (%) imprv. (%) imprv. (%) |EDP iter. reduct. (%) imprv. (%) imprv. (%) imprv. (%) overhead (X)
b01 65 5 358.68 61.71 0.31 273 10.5 9.5 -7.0 7 36.6 14.5 22 122 5.0
b02 32 4 44484 28.20 0.10 5.3 2.1 -15.1 -3.8 2 36.0 16.6 -1.9 -3.2 1.1
b03 185 30  331.24 193.12 1.03 -7.1 2.3 12.0 114 0 0 0 0 0 0.8
b04 1071 66 11582  1070.92 11.50 -16.1 -3.8 15.0 16.6 2 14.2 3.6 8.9 11.0 2.0
b05 2176 34 8047  2107.25 26.70 23.8 5.6 53 13.8 15 106.2 314 -33 10.3 7.4
b06 74 9  273.60 74.48 0.38 63.4 28.1 9.3 129 6 96.8 50.3 10.7 25.8 4.0
b07 560 44 174.03 571.22 3.72 277 8.8 3.7 1.8 7 559 19.6 9.5 -0.4 4.0
b08 204 21 253.10 219.98 1.28 -29.3 -1.7 115 10.5 2 -14.3 -3.9 8.22 6.02 1.0
b09 224 28 24390 239.40 1.59 -33.8 -10.1 224 227 9 56.3 232 -22.0 -11.2 6.5
bl10 227 17 22222 223.71 1.24 -11.6 34 11.2 8.5 7 82.4 32.8 -31.5 -14.1 2.8
bll 865 30 15291 929.67 7.17 -114 34 10.3 15.7 2 29.1 10.0 0.9 7.5 2.7
bl2 1561 120 172.03 152391 9.30 -25.2 -7.0 15.5 19.9 0 0 0 0 0 0.5
bl3 364 48 267.88 376.39 1.75 249 9.3 8.1 9.6 2 17.2 6.2 8.5 13.1 2.0
bl4 12530 215 23.16 12681.02 488.33 67.4 13.3 22 14.6 9 143.7 333 9.1 8.5 33
bl5 9215 417 70.49  9287.66 107.84 -36.4 -1.7 5.8 4.1 12 67.1 18.2 =53 5.1 35
bl7 26509 1317 63.26 27356.24 340.88 -38.7 -7.9 3.8 -0.2 27 102.1 29.3 -85 7.9 6.4
bl8 89049 3020 19.39 90167.08  3471.53 -1.6 -0.3 2.7 43 28 181.6 435 -9.0 15.6 10.0
bl9 164552 6042 17.91 168536.00  6900.49 34.7 5.8 35 10.3 24 234.2 58.0 -7.0 23.7 134
b20 26226 430 20.72 2666091  1179.30 41.1 7.1 3.8 12.7 19 206.7 50.4 -11.2 14.6 6.3
b21 25847 430 21.29 26330.81 1137.99 79.0 15.0 35 16.8 25 195.4 47.6 -12.4 12.1 7.4
b22 39451 613 22.01 3998273  1667.53 5.5 0.9 3.9 8.8 12 171.0 37.5 -8.9 10.4 4.4
average 9.0 2.5 5.8 9.7 10.3 86.6 24.9 -4.8 7.4 4.5
i~ s Timing optimization results (ITC’99 benchmark circuits)
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Fig. 7. Clock period comparison of ITC99 benchmark circuits with different methods (Vzq = 0.45, v = 0.05). The contributions of nominal delay and

variation for baseline are also presented.

of the circuit is improving compared to the baseline. On the other
hand, the energy initially drops, but after some iterations it increases
again. This means that by applying new constraints in each iteration,
the synthesis tool is able to reduce the corner delay of the critical
paths while retaining the power from shorter paths. However, after a
certain iteration the synthesis tool has to increase the energy of the
circuit in order to apply the new constraints. Therefore, there is an
optimum point considering both energy and timing. This point can
be discovered by calculating the EDP of the circuit. At the best EDP
iteration shown in Figure 6, the maximum frequency is improved by
50.3% and the energy is reduced by 25.8%.

Another optimization target marked in this figure represents the
iteration with the best performance i.e. best frequency. Although this
leads to a 100% performance improvement, the energy overhead is
also 50% which is not in line with the energy efficiency expected in
NTC. For this circuit, we can conclude that iteration 6 is the optimal
result for this circuit. In this paper, our target is to optimize both
energy efficiency and performance i.e. optimize the EDP.

C. Results for all benchmarks

The optimization results for all ITC’99 benchmark circuits are
presented in Table I. We also implemented the library pruning method
proposed in [9] for the sake of comparison. For each benchmark
circuit, frequency, area, and energy per cycle of all circuits before
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optimization (i.e. baseline) and after optimization are extracted. For
the optimized circuits, these values are presented as improvement
percentages i.e. frequency (performance) improvement, area improve-
ment, and energy improvement over the baseline synthesis. The
presented variation improvement is calculated as:

variation improvement (%) =

(1,

For the presented simulation setup, the main improvement of
the library pruning technique is the energy efficiency (9.7%), since
it is not able to effectively improve the timing (just 2.5%). Our
investigation reveals that by applying the library pruning technique,
some fast cells are eliminated from the cell library, which prevents
the synthesis tool from achieving better performance. In addition to
that, when the library has fewer cells (as in the pruned library), the
synthesis tool has fewer options for improvement. In contrast, our
proposed method reduces the variation by 86.6% which corresponds
to 24.9% better performance, as well as 7.4% better energy efficiency
on average.

We have found that our proposed variation-aware synthesis flow
is able to reduce the corner delay to be even smaller than the nominal
delay achieved by the conventional synthesis flow for the largest
benchmarks (i.e. bl4, b17-b22), where the variation improvement

corner delaypiyiseq — Nominal delayy,jine

) x 100 (3)

corner delayy, .jine — Nominal delayy, .jin.
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Fig. 8. Average improvement of ITC99 benchmark circuits over different
supply voltages.

calculated by Equation (3) is more than 100%, as shown in Table I.
The reason is that the synthesis tool puts a limited effort to optimize a
circuit, and this effort is distributed over different endpoints to satisfy
the constraints. In case the circuit is small, a considerable effort is
put on each endpoint during the synthesis, which fiercely optimizes
the circuit from the very first iteration. Therefore, for small circuits
the synthesis flow usually saturates in a few iterations (bO1-b13). For
circuit b03 and b12, since no improvement is observed over iterations,
the synthesis flow sticks to the baseline. The synthesis effort is
initially distributed among all the endpoints which leads to a limited
improvement when just one synthesis is performed (i.e. the baseline or
the library pruning method). By defining constraints for the endpoints,
we direct the synthesis tool to put more efforts on the critical end-
points (considering variations). As a result, the improvement from the
iterative variation-aware synthesis is considerably large. Especially
for large circuits which have a wide variety of short and critical
paths, the improvement is comparatively higher. This highlights the
scalability of the proposed approach and its effectiveness for large
circuits. In summary, the energy efficiency of NTC is maintained
while improving the performance.

The runtime overhead of the iterative variation-aware synthesis
flow is on average 4.5x more than the conventional synthesis. Since
the incremental synthesis feature of the synthesis tool is exploited,
the runtime overhead is considerably smaller than the number of
the required iterations to find the optimum EDP point. In each
optimization iteration, the full state of the synthesis environment is
loaded from the previous optimization iteration, and an incremental
synthesis is performed with the new constraints.

As presented in Table I, the number of the iterations and con-
sequently the runtime is higher for larger circuits. Because these
circuits are large, there might be many opportunities for improving
their performance or energy efficiency. As a result, the synthesis tool
is able to continue the optimization process for many iterations. This
can be fixed by considering a higher ~ coefficient e.g. 0.1, which can
effectively decrease the number of iterations. However, since for the
other circuits in Table I, the results are reported for v = 0.05, for the
sake of consistency, the results for large circuits are also reported for
the same .

Figure 7 compares the timing improvement of all ITC’99 bench-
mark circuits. The corner delay of the library pruning and our
proposed flow are also shown in this figure. As illustrated, the
corner delays of b17-b21 circuits optimized with the proposed flow
are even smaller than the nominal delay of the respective baselines
(i.e. without considering the variations). Although for these circuits
the flow imposes an area overhead, the performance and energy
improvements are also significant (see Table I).
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D. Improvement of the proposed method with Va4 reduction

Figure 8 presents the average of the improvements (performance
and energy) of the benchmark circuits for different supply voltages.
The average performance improvement is maximized at Vg = 0.45,
where the amount of variation is higher comparatively. The energy
improvement is also better for the same supply voltage. When the
amount of variation is larger, the difference between the corner
delays of the endpoints is also larger. Thus, by improving a smaller
number of critical endpoints (in terms of timing), a large performance
improvement can be achieved. At the same time, the energy efficiency
can be improved by loosening the shorter paths without affecting the
performance of the circuit. However, when the amount of variation
is smaller, the synthesis flow needs to deal with many critical or
near-critical endpoints. This means that the synthesis tool needs to
distribute the optimization effort among many paths, which usually
leads to a smaller improvement. Therefore, we can conclude that
on average the improvement of our method increases as the supply
voltage reduces.

V. CONCLUSION
NTC is a promising solution to address energy challenges of
modern VLSI circuits. Although NTC leads to better energy efficiency
compared to the super-threshold operation, the increased performance
variation reduces the overall efficiency. In this work, we presented
a variation-aware synthesis flow for NTC circuits to improve the
performance of circuits operating in the near threshold region. The
results show that the proposed method can reduce the variation by
86.6% (which means 24.9% better performance), and additionally
improve energy efficiency by 7.4% with a small area overhead (4.8%).
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